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METHODS AND SYSTEMS FOR USING
WAVELLET ANALYSIS IN SUBTERRANEAN
APPLICATIONS

BACKGROUND OF THE INVENTION

The present invention relates generally to subterrancan
treatment operations, and more particularly to using wavelet
analysis in subterrancan treatment operations.

Subterrancan formations penetrated by well bores are
often treated to 1ncrease the production therefrom. Common
treatment methods include water-flooding, carbon dioxide
(CO,) flooding, conformance applications, and fracture
stimulation, among others. When a fluid 1s injected into a
subterrancan formation, certain changes occurring down-
hole during such injection process (such as the creation or
extension of a fracture therein or the contacting of a sub-
terranean boundary by the injected fluid, for example) send
different pressure frequency spectra and wave 1ntensities to
the surface. Pressure waves generated and reflected during
fluid 1njection are conventionally captured and evaluated so
as to monitor changes 1n the downhole environment during
the time period 1n which the fluid 1s injected.

Monitoring and analysis techniques used in conventional
water-flooding and/or CO,-flooding operations often
encounter difficulty 1n recognizing certain subterranean con-
ditions such as boundaries or heterogeneities (e.g., regions
of high permeability into which the injected fluid may tlow
readily, thereby creating undesirable “fingering”) within the
subterrancan formation. This difficulty 1s problematic,
because 1t prevents operators from prompt execution of a
remediative step, such as adjusting the wviscosity of the
injected fluid.

Monitoring and analysis techniques conventionally used
in conformance applications are also problematic. As
referred to herein, the term “conformance applications” will
be understood to mean applications comprising the injection
of a first fluid into a portion of a subterranean formation so
as to alter the flow profile of a second fluid 1njected 1nto, or
produced from, a subterrancan formation. For example, a
conformance application may 1nvolve the injection of a
scalant into a subterranean formation so as to minimize entry
into a well bore of an unwanted fluid. Monitoring and
analysis techniques used 1n conventional conformance
applications often encounter difficulty in recognizing certain
subterrancan conditions. An example of such a condition 1s
the presence of boundaries within the formation. This dif-
ficulty 1s problematic, because 1t prevents operators from
prompt execution of a remediative step, such as adjusting the
pressure of the injected fluid, for example.

Fracture stimulation 1s another application where conven-
tional monitoring and analysis techniques are problematic.
Fracture stimulation comprises the intentional fracturing of
the subterrancan formation by pumping a fracturing fluid
into a well bore and against a selected surface of a subter-
rancan formation intersected by the well bore. The fracturing
fluid 1s pumped at a pressure suflicient that the earthen
material in the subterrancan formation breaks or separates to
initiate a fracture in the formation.

A fracture typically has a narrow opening that extends
laterally from the well. To prevent such opening from
closing completely when the fracturing pressure 1s relieved,
the fracturing fluid typically carries a granular or particulate
material, referred to as “proppant,” into the opening of the
fracture. This material remains in the fracture after the
fracturing process 1s finished. Ideally, the proppant in the
fracture holds apart the separated earthen walls of the
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formation to keep the fracture open and to provide tlow
paths through which hydrocarbons from the formation can
flow mto the well bore at increased rates relative to the flow
rates through the unfractured formation. Fracturing pro-
cesses are intended to enhance hydrocarbon production from
the fractured formation. In some circumstances, however,
the fracturing process may terminate prematurely, for a
variety of reasons. For example, the “pad” portion of the
fracturing fluid, which is intended to advance ahead of the
proppant as the fracture progresses, may undesirably “leak
off” nto smaller fractures 1n the formation, which may cause
the proppant to reach the fracture tip and create an undesir-
able “screenout” condition. Thus, properly analyzing frac-
ture behavior 1s a very important aspect of the fracturing
Process.

In connection with analyzing fracture behavior, various
physical parameters of the subterranean formation are com-
monly monitored. Physical parameters such as pressure and
temperature are commonly converted 1nto electronic signals
with downhole transducers. Conventional fracturing opera-
tions typically begin with a determination of the “closure
pressure” of the subterranean formation, which determina-
tion 1s often accomplished by performing reduced-scale
fracturing, e.g., a “mini-frac” or a “micro-frac,” before
commencing full-scale fracturing of the formation. For
example, 1n one embodiment of a micro-frac test, a small
volume of clear fluid containing no proppant may be
pumped into a well bore at a low flowrate (typically less than
10 gallons per minute). This may generate a fracture extend-
ing up to about 15 feet 1nto the subterranean formation, and
generate acoustic noise 1n the form of a pressure wave or
signal received by a sensing device within the well bore. In
one embodiment of a mini-frac test, the formation 1s frac-
tured using a formulation of the fracturing fluid that will be
used 1n the full-scale fracturing operation. The scale of the
mini-frac may be generally about 10-15% of the full-scale
fracturing operation, but the fluid used in the mini-frac will
generally not contain a significant amount of proppant.
Among other benelits, the mini-frac test enables an operator
to determine the formation’s closure pressure, along with the
formation’s leakoll coeflicient, both of which parameters are
useful 1n designing and analyzing the full-scale fracturing
treatment. To determine the closure pressure, an operator
may often plot the pressure signal versus the square root of
time, and determine the closure pressure by constructing two
tangent lines on the plot, and extending them so that they
intersect. Typically, one tangent line will be constructed at a
point on the graph representing a time immediately after the
cessation of injection of the fracturing fluid; the other
tangent line will typically be constructed at a point on the
oraph 1immediately after a “knee” in the pressure signal.
Conventionally, the first tangent line 1s thought to represent
a region of fluid leak-off into the face of an open subterra-
ncan fracture, while the second tangent line i1s thought to
represent a region of slower fluid leak-off through a closed
subterranean fracture. The two tangent lines are arbitrarily
constructed based upon a particular operator’s interpretation
of a suitable tangent line. Once the two tangent lines have
been drawn, their intersection 1s conventionally 1dentified as
the closure pressure of the formation. The method 1s highly
subjective.

Conventionally, full-scale fracturing operations begin
once the closure pressure has been determined, and are
conventionally analyzed through the use of a log-log plot of
a “net-pressure” signal. Upon the initiation of fracturing of
the well bore, a pressure signal 1s received. An operator will
typically subtract the pre-determined closure pressure from
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the pressure signal, to calculate a “net pressure.” This net
pressure 1s then plotted versus time on a log-log plot.
Conventionally, the slope of the net pressure curve i1s ana-
lyzed with consideration given to certain guidelines. For
example, where the slope of the net pressure curve 1s
between about 0.2 and about 0.3, the fracture 1s thought to
be continuing to propagate. However, where the net pressure
curve has a slope of about 1.0, the fracture propagation 1is
thought to have stopped, and adverse fracture behaviors
such as the onset of sand-out are thought to begin.

Conventional fracturing analysis using the log-log plot of
a net pressure curve 1s problematic. Because of the nature of
the log-log plot, a lengthy amount of time 1s often required
before the unit slope straight line becomes well-developed
and apparent. Accordingly, an operator may encounter dif-
ficulty 1n interpreting the net pressure curve so as to distin-
ouish, normal, continued fracture propagation from the
cessation of propagation. This difficulty may cause operators
o continue to 1nject proppant-laden fracturing fluid into the
well bore, despite the fact that the fracture 1s no longer
capable of accepting the proppant; 1n such scenarios, prop-
pant accumulates within the well bore and must be labori-
ously removed once the fracturing operation stops. This
difficulty in distinguishing between normal fracturing and
the cessation of propagation often prevents operators from
timely performance of a remediative step. Such a remedia-
five step could comprise mjecting a clear fluid into the well
bore so as to sweep any last amounts of proppant out of the
well bore and into the formation, for example.

An operator using conventional fracture monitoring tech-
niques such as the log-log plot of a net pressure curve may
also encounter difficulty 1n distinguishing a pressure
increase caused by actual closure of the fracture from a
temporary pressure increase caused by the occurrence 1n the
well bore of an event unrelated to the behavior of the
fracture. Such temporary event 1s often referred to as a “tool
event.” The occurrence of a temporary tool event appears
quite similar on a log-log plot to the occurrence of a
formation event such as closure of the fracture. This may
lead to the operator misinterpreting the tool event as fracture
closure, and thus halting the fracturing operation prema-
turely. To avoid premature stoppage of the fracture opera-
tion, the operator typically must wait, and refrain from
taking any action, until a sufficient number of subsequent
data points departing from the unit slope have been plotted
on the net pressure curve before discounting the tool event
as a spurious event not indicative of fracture closure with
suflicient confidence; 1n some scenarios, this may require
waiting several tens of minutes. Alternatively, an operator
using conventional fracturing analysis techniques and
encountering actual fracture closure may misinterpret it as a
temporary tool event, and continue to inject proppant into
the well bore, while waiting for subsequent data points to
depart from the unit slope on the net pressure curve. Such
misinterpretation of actual fracture closure as a temporary
tool event may result in the well bore becoming loaded with
proppant that never reaches the fracture, and that must be
laboriously and expensively removed before the well bore
may be returned to production.

SUMMARY OF THE INVENTION

The present invention provides improved methods of
monitoring and analyzing the subterranean injection of a
fluid, through an analysis employing a Wavelet Transform of
data generated during such subterranean fluid injection.
While the methods of the present invention are useful 1n a
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variety of subterranean applications, they may be particu-
larly useful m operations mcluding but not limited to frac-
ture stimulation, conformance applications, and water- or
CO,-flooding. The methods of the present invention may be
utilized 1n connection with a fracturing process without the
need to conduct a separate mini-frac or micro-frac to deter-
mine the fracture closure pressure, though such separate
minil- or micro-irac may still be conducted 1f desired.

An example of a method of the present invention 1s a
method for monitoring the injection of fluid into a subter-
rancan formation, comprising the steps of: 1njecting a fluid
into a region of the subterranean formation surrounding a
well bore; creating frequency spectrum data by applying a
wavelet transform to physical property data sensed 1n the
subterrancan formation during the time 1n which fluid is
injected 1nto the formation; and determining from the fre-
quency spectrum data at least one parameter relating to the
fluid 1njection.

Another example of a method of the present invention 1s
a computer-implemented method for monitoring the injec-
fion of fluid into a subterranean formation, comprising the
steps of: recewving 1n a computer physical property data
obtained from the injection of a fluid mto a region of a
subterrancan formation surrounding a well bore; performing
in the computer a wavelet transform on at least a portion of
the physical property data received in the computer to
provide frequency spectrum data corresponding to at least a
portion of the physical property data; and using the fre-
quency spectrum data to determine at least one parameter
relating to the fluid injection process.

Another example of a method of the present mnvention 1s
a method of fracturing a subterranean formation comprising
the steps of: injecting a fracturing fluid 1nto the subterranean
formation such that a fracture 1s created or extended 1n a
region of the formation surrounding a well bore and gener-
ates pressure signals; sensing the pressure signals; generat-
ing frequency signals corresponding to the pressure signals
by applying a wavelet transtorm to the pressure signals; and
determining from the frequency signals whether the fracture
1s continuing to extend into the formation.

Another example of a method of the present invention 1s
a method of flooding a subterranean formation comprising,
the steps of: 1mjecting a fluid 1nto a region of the subterra-
nean formation surrounding a well bore so as to maintain or
increase the pressure in the formation; creating frequency
spectrum data by applying a wavelet transform to physical
property data sensed in the subterrancan formation during
the time 1n which fluid 1s mjected nto the formation; and
determining from the frequency spectrum data at least one
parameter relating to the fluid injection.

Another example of a method of the present invention 1s
a method of conforming a fluid flow profile 1n a subterranean
formation comprising the steps of: injecting a first fluid into
a region of the subterranean formation surrounding a well
bore so as to alter the flow profile of a second fluid within
the formation; creating frequency spectrum data by applying
a wavelet transtorm to physical property data sensed 1 the
subterranean formation during the time 1n which fluid is
injected into the formation; and determining from the fre-
quency spectrum data at least one parameter relating to the
fluid 1njection.

An example of a system of the present invention 1s a
system for monitoring the injection of fluid 1nto a subterra-
nean formation, comprising a sensing means for detecting
physical property data created by the fluid injection; a data
analysis means for creating frequency spectrum data by
performing a wavelet transform on at least a portion of the
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physical property data; and a transmitting means for trans-
mitting the physical property data from the sensing means to
the data analysis means.

Another example of a system of the present mnvention 1s
a system for monitoring the injection of fluid mnto a subter-
rancan formation, comprising a sensor for detecting physical
property data created by the fluid injection; a data analyzer
for creating frequency spectrum data by performing a wave-
let transform on at least a portion of the physical property
data; and a transmitter for transmitting the physical property
data from the sensor to the data analyzer.

The features and advantages of the present invention will
be readily apparent to those skilled i the art upon a reading,
of the description of exemplary embodiments, which fol-
lows.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present disclosure
and advantages thereof may be acquired by referring to the
following description taken in conjunction with the accom-
panying drawing, wherein:

FIG. 1 depicts a side cross-sectional view of a subterra-
nean well bore wherein fluid may be 1njected, and the results
of such imjection monitored, according to an exemplary
embodiment of the present invention.

FIG. 2 1s a graphical representation of a pressure signal
acquired from a subterrancan well bore during a fracture
stimulation.

FIG. 3 illustrates a process flow diagram for an exemplary
method of the present mnvention for monitoring the 1njection
of a fluid mnto a subterranean formation.

FIG. 4 illustrates a process flow diagram for an exemplary
method of the present invention for monitoring the 1njection
of a fluid 1nto a subterrancan formation 1n connection with
a fracturing operation.

FIG. § 1s a graphical representation of a normalized
wavelet coellicient generated by the application of a Wavelet
Transform to a pressure signal acquired from a subterranean
formation during a fracture stimulation according to the
present mvention.

FIG. 6 1llustrates a process flow diagram for an exemplary
method of the present invention for computer-implemented
monitoring of the injection of a fluid into a subterranean
formation.

FIGS. 7A and 7B 1illustrate a process flow diagram for
another exemplary method of the present invention for
computer-implemented monitoring of the mjection of a fluid
into a subterranean formation.

FIG. 8 1llustrates a process flow diagram for an exemplary
method of the present invention for monitoring the 1njection
of a fluid into a subterrancan formation 1n connection with
a conformance application.

FIG. 9 1llustrates a process flow diagram for an exemplary
method of the present invention for monitoring the injection
of a fluid into a subterrancan formation 1n connection with
a water-flooding or CO,-flooding operation.

While the present invention 1s susceptible to various
modifications and alternative forms, specific exemplary
embodiments thereof have been shown by way of example
in the drawings and are herein described 1n detail. It should
be understood, however, that the description herein of spe-
cific embodiments 1s not intended to limit the invention to
the particular forms disclosed, but on the contrary, the
intention 1s to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the mnven-
tion as defined by the appended claims.
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DESCRIPTION OF EXEMPLARY
EMBODIMENTS

The present mmvention provides improved methods of
monitoring and analyzing the subterranean injection of a
fluid, through the use of wavelet analysis of data generated
during such subterrancan fluid injection. While the methods
of the present invention are useful 1n a variety of subterra-
nean applications, they may be particularly useful 1n opera-
fions including, but not limited to, fracture stimulation,
conformance applications, and water- or CO,-tflooding. Fur-
ther, while a number of exemplary embodiments described
herein relate to the measurement of pressure 1in a subterra-
nean formation, it will be understood that any subterranean
parameter, including, but not limited to, temperature, may be
measured and analyzed 1n accordance with the methods of
the present invention.

FIG. 1 depicts a schematic representation of a subterra-
nean well bore 12 through which a fluid may be 1njected nto
a region of the subterrancan formation surrounding well
bore 12 such that physical property data (e.g., pressure
signals, temperature signals, and the like) are generated. The
fluid may be of any composition suitable for the particular
injection operation to be performed. For example, where the
methods of the present invention are used in accordance
with a fracture stimulation treatment, a fracturing fluid may
be 1njected 1nto a subterranecan formation such that a fracture
1s created or extended 1n a region of the formation surround-
ing well bore 12 and generates pressure signals. The tluid
may be injected by injection device 1 (e.g., a pump).
Physical property data such as pressure signals may be
generated during subterranean injection processes, for rea-
sons 1ncluding the fact that the mnjected fluid 1s being forced
into the formation at a high pressure.

The physical property data may be sensed using any
suitable technique. For example, sensing may occur down-
hole with real-time data telemetry to the surface, or by
delayed transfer (e.g., by storage of data downhole, followed
by subsequent telemetry to the surface or subsequent
retrieval of the downhole sensing device, for example).
Furthermore, the sensing of the physical property data may
be performed at any suitable location, including, but not
limited to, the tubing 35 or the surtface 24. In general, any
sensing technique and equipment suitable for detecting the
desired physical property data with adequate sensitivity
and/or resolution may be used. FIG. 1 depicts an exemplary
embodiment of the present invention wherein the physical
property data are sensed by a sensing device 10 resident
within well bore 12. The sensing device 10 may be any
sensing device suitable for use 1n a subterranean well bore.
An example of a suitable sensing device 10 1s a pressure
transducer disclosed in commonly owned U.S. patent appli-
cation Ser. No. 09/538,536, which 1s hereby incorporated
herein for all purposes. In certain exemplary embodiments
of the present invention, the sensing device 10 comprises a
pressure transducer that 1s temperature-compensated. In one
exemplary embodiment of the present invention, the sensing
device 10 1s lowered 1nto the well bore 12 and positioned 1n
a downhole environment 16. In certain exemplary embodi-
ments of the present invention, the sensing device 10 may be
positioned below perforations 30. In certain exemplary
embodiments of the present invention, the downhole envi-
ronment 16 1s sealed off with packing 18, wherein access 1s
controlled with a valve 20.

The physical property data 1s ultimately transmaitted to the
surface by transmitter 5 at a desired time after having been
sensed by the sensing device 10. As noted above, such
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transmission may occur immediately after the physical prop-
erty data 1s sensed, or the data may be stored and transmitted
later. Transmitter 5 may comprise a wired or wireless
connection. In one exemplary embodiment of the present
invention, the sensing device 10, in conjunction with asso-
ciated electronics, converts the physical property data to a
first electronic signal. The first electronic signal 1s transmit-
ted through a wired or wireless connection to signal pro-
cessor unit 22, preferably located above the surface 24 at
wellhead 26. In certain exemplary embodiments of the
present 1nvention, the signal processor unit 22 may be
located within a surface vehicle (not shown) wherein the
fracturing operations are controlled. Signal processor unit 22
may perform mathematical operations on a first electronic
signal, further described later in this application. In certain
exemplary embodiments of the present invention, signal
processor unit 22 may be a computer comprising a soltware
program for use 1n performing mathematical operations. An
example of a suitable software program 1s commercially
available from The Math Works, Inc., of Natick, Mass.,
under the tradename “MATLAB.” In certain exemplary
embodiments of the present invention, output 50 from signal
processor unit 22 may be plotted on display 60.

Referring now to FIG. 2, a graphical representation of a
pressure signal 1s 1llustrated and denoted generally by the
numeral 200. Pressure signal 200 was acquired from within
a subterrancan well bore during the 1njection of a fracturing
fluid as part of a fracture stimulation treatment. The well
bore 1s within a near-vertical well that penetrates a sandstone
reservoir at almost 5570 feet (True Vertical Depth to top
perforation) beneath the surface of the earth. Region 205
refers to the portion of FIG. 2 representing events occurring
at a time between 8 and 16 minutes, and 1llustrates a pressure
signal corresponding to normal, continued propagation of a
fracture. Region 210 refers to the portion of FIG. 2 repre-
senting events occurring at a time between 16 and 18
minutes, and 1llustrates a pressure signal corresponding to a
temporary well bore event, often referred to as a “tool
event.” Such a temporary well bore event constitutes a
“spurious” event for operators, because the event causes a
temporary deviation in the parameter being monitored (e.g.,
pressure), which deviation is entirely unrelated to the con-
dition of the fracturing operation. Region 215 refers to the
portion of FIG. 2 representing events occurring at a time
between 19 to 23 minutes, and illustrates a pressure signal
corresponding to the cessation of fracture propagation (e.g.,
the moment at which the fracture has stopped extending).
Region 230 refers to the portion of FIG. 2 representing
events occurring at a time between 23 and 24 minutes, and
illustrates a pressure signal corresponding to the closure of
the fracture.

In accordance with the present invention, by converting,
time-based pressure signal 200 to frequency spectrum data
using a wavelet transform, such frequency spectrum data
may be used to determine at least one parameter relating to
the fluid 1injection. For example, the frequency spectrum data
may be used to distinguish a spurious event (e.g., an event
whose occurrence within the subterranean formation 1s
entirely unrelated to the fluid injection process) from a
formation event (e.g., an event occurring within the subter-
rancan formation, whose occurrence 1s related to the
response of the formation to the fluid injection process). As
another example, where the frequency spectrum data are
ogenerated 1n connection with a fracturing operation, the
frequency spectrum data may also be used to make other
determinations, including, but not Iimited to, whether a
fracture 1n a subterrancan formation i1s being extended by the
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injection of a fluid; whether such fracture 1s effectively not
being extended by such injection; whether proppant 1s
backing up in the fracture, and the like. In certain exemplary
embodiments of the present invention, such frequency spec-
trum data (which will be referred to herein as “wavelet
coefficient 500”) may be generated by performing the wave-
let transform on pressure signal 200 1n real-time. As used
herein, the term “real time” will be understood to mean a
time frame 1n which the occurrence of an event and the
reporting or analysis of it are almost simultaneous; e.g.,
within a maximum duration of not more than two periods of
a particular signal being operated upon.

A wavelet transform 1s a mathematical transform method
known 1n the mathematical and engineering world. Math-
ematical transforms may be applied to unprocessed time-
domain signals (e.g., where the amplitude of the signal is a
function of time) in order to extract further information that
1s not readily available i1n the raw, unprocessed signal.
Performing a mathematical transform on raw, unprocessed
data 1n the time-domain yields the “frequency spectrum™ of
a signal. The frequency spectrum comprises the frequency
components of a signal, e.g., 1t 1dentifies the particular
frequencies that exist within the signal. A wide variety of
wavelet transforms may be suitable for use in accordance
with the present invention, mncluding but not limited to the
Daubechies family of wavelets, biorthogonal pairs of wave-
lets, and any continuous, homogeneous family of wavelets
found to be useful for signal processing.

In general, the wavelet transform of a function F(x)
having scale a at a location b may be generated from the
following equation:

Fu(a,b)=] F(t)¥(a, b t)dt Equation 1

where W(a,b,t) is characterized by the following equation:

[W(t)dt=0 Equation 2
Generally speaking, the “scale” of a function relates to the
dilation or compression of a portion of a signal at that
portion’s location within the signal. As frequency 1s gener-
ally inversely proportional to scale, a low scale (e.g., high
frequency) may be observed from time to time as short
bursts within a signal, whereas a high scale (e.g., low
frequency) may in some cases last for the entire duration of
the signal. In accordance with the methods of the present
invention, the application of a wavelet transform to time-
based pressure signal 200 (e.g., F(t) in Equation 1 above) by
signal processor unit 22 during the time period in which a
fluid 1s 1njected 1nto a subterrancan formation will generate
corresponding wavelet coefficients 500 (e.g., Fy in Equation
1 above), which may be normalized and analyzed to deter-
mine at least one parameter relating to the fluid injection
process. In certain exemplary embodiments of the present
invention, wavelet coethicient 500 1s normalized by dividing
its amplitude at each time increment by an arbitrarily
selected value.

An exemplary embodiment of a method of the present
invention for the application of wavelet analysis to fluid
injection processes 1s 1llustrated 1n the process flow diagram
depicted 1n FIG. 3, and may be performed as follows. In step
301, a fluud 1s i1njected 1nto a region of a subterrancan
formation surrounding a well bore. In step 302, physical
property data 1s sensed in the subterranean formation during
the time 1n which the fluid 1s injected 1nto the formation. In
step 303, a wavelet transform 1s applied to the physical
property data so as to create frequency spectrum data. In
certain exemplary embodiments of the present invention, the
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physical property data 1s pressure data; m certain other
exemplary embodiments of the present invention, the physi-
cal property data 1s a temperature isotherm. In certain
exemplary embodiments, the wavelet transform that is
applied may be a wavelet from the Daubechies family of
wavelets. Step 304 comprises the step of analyzing the
frequency spectrum data to determine whether an event
(c.g., a formation event or a tool event, for example) has
occurred. The occurrence of such event will generally
appear as a deviation 1n the amplitude of normalized wavelet
coellficient 500. In certain exemplary embodiments of the
present invention, step 304 may further comprise examining,
the raw pressure signal 200 1in conjunction with analyzing
the frequency spectrum data. If an event has not occurred,
the 1njection process 1s proceeding normally. The process
proceeds to step 305, wherein the determination 1s made
whether the 1njection 1s completed. If the mjection 1s com-
pleted (e.g., if the goals of the injection operation have been
met), the process ends in step 315. If the injection is not
complete, the process returns to step 301.

If, however, the result of the determination 1n step 304 1s
that an event has occurred, step 306 comprises analyzing the
frequency spectrum data to determine whether the event 1s
a formation event. The occurrence of a formation event may
be recognized from an examination of a deviation 1n nor-
malized wavelet coeflicient 500: a deviation caused by the
occurrence of a formation event 1s generally a persistent
deviation, comprising numerous data points deviating from
the previous trend (an example of which may be seen in FIG.
S, at region 530). In contrast, a spurious event (such as a
temporary tool event, for example) may be accompanied by
a deviation 1n the amplitude of normalized wavelet coefli-
cient 500; however the deviation 1s generally much shorter
in duration and may comprise only a few data points (an
example of which may be seen in FIG. §, at region 510).
Generally, a spurious event will not be accompanied by a
persistent increase 1n the amplitude of raw pressure signal
200 beyond an 1nitial brief deviation trigegered by the occur-
rence of the spurious event. In certain exemplary embodi-
ments of the present mnvention, the distinction of a spurious
event from a formation event may be made in real time.
Indeed, 1n certain exemplary embodiments of the present
invention, all steps 1n FIG. 3 may be performed 1n real time.
If the analysis 1n step 306 concludes with a determination
that the event 1s not a formation event, then the event 1s a
spurious event and the process then proceeds to step 307,
wherein the determination 1s made whether the spurious
event that has occurred 1s one that requires the performance
of a remediative step. For example, if an instrument (such as
sensing device 10, for example) malfunctions, a remediative
step may need to be performed to correct the malfunction
before the process continues. Similarly, if packing 18 is not
properly set, a remediative step may be necessary. One of
ordinary skill 1n the art, with the benefit of this disclosure,
will be able to determine whether the spurious event requires
the performance of a remediative step. If no remediative step
1s necessary, the process continues to step 305, wherein the
determination 1s made whether the 1njection 1s completed, a
determination that has been previously described. If a reme-
diative step 1s necessary, the process proceeds to step 308,
where an appropriate remediative step i1s performed (e.g.,
removing the malfunctioning instrument and installing a
properly functioning instrument); the process then proceeds
to step 305.

If, however, the determination 1s made 1n step 306 that the
event 1s a formation event, the process may proceed to step
309, wherein an analysis of the frequency spectrum data 1s
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performed to determine the type of formation event that has
occurred. A variety of formation events may be identified 1n
step 309 as having occurred, including, but not limited to,
the cessation of propagation of a fracture 1n the formation,
the closure of a fracture i the formation, the occurrence of
contact between a pressure wave generated by the 1njection
fluid and a boundary within the formation, and any other
subterrancan event whose occurrence 1s related to the injec-
tion process. The process then proceeds to step 310, wherein
a determination 1s made whether a remediative step, or steps,
may be necessary.

The determination of whether a remediative step 1s nec-
essary will mnvolve a judgement by the operator conducting
the 1njection operation. In certain circumstances, a formation
event may occur, but a remediative step may not need to be
immediately performed. For example, a formation event
comprising an increase In pressure due to a temporary
accumulation of proppant in the formation in the near-well-
bore area may occur, yet the judgment of the operator may
dictate that a remediative step 1s not necessary until such
fime as such accumulation of proppant 1s determined to be
undesirable. In certain exemplary embodiments of the
present invention, the occurrence of the formation event may
not require the immediate performance of a remediative
step, but may serve to alert the operator that an adverse
situation may be developing, or may be about to develop.
One of ordinary skill in the art, with the benefit of this
disclosure, will recognize when the performance of a reme-
diative step 1s necessary. An example of the occurrence of a
formation event where the performance of a remediative
step 1s not immediately necessary may be seen 1n FIG. 5, at
region 3515, during the time between 19 minutes and 22
minutes; a remediative step was not necessary until about
23.5 minutes, when the cessation of propagation was
detected. If a remediative step 1s determined to be unnec-
essary, the process proceeds to step 305, wherein the deter-
mination 1s made whether the 1njection process is complete,
as previously described. If, however, a remediative step 1s
determined to be necessary, the process proceeds to step 311,
wherein the remediative step 1s performed. Generally, the
remediative step performed 1n step 311 may be any step, or
any series of steps, intended to remedy an adverse condition
brought about by the occurrence of the formation event, or
to prevent future complications from arising. For example,
where the methods of the present invention are performed 1n
conjunction with a conformance application, the remediative
step may comprise altering the viscosity of the fluid being
injected, or altering the injection pressure. Step 312 com-
prises an analysis of the frequency spectrum data to deter-
mine whether the performance of the remediative step was
successful. The determination that a remediative step was
successful may be made by 1dentifying whether normalized
wavelet coeflicient 500 returns to the stable state of very low
amplitude disturbances it had occupied before the occur-
rence of the formation event; an example of a stable state of
normalized wavelet coethicient S00 before the occurrence of
a formation event may be seen 1n FIG. 5 at region 5085.

If the determination in step 312 concludes that the reme-
diative step was successtul, the process 1s directed to step
305, wherein the determination 1s made whether the 1njec-
fion process 1s completed, as has been previously described.
If the remediative step or steps are determined to have been
unsuccessiul, however, the process proceeds to step 313,
where a determination 1s made whether an additional reme-
diative step or steps should be performed. One of ordinary
skill in the art, with the benefit of this disclosure, will be able
to determine whether an additional remediative step should
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be performed. If an additional remediative step 1s necessary,
the process returns to step 311, where the additional reme-
diative step 1s performed, as has been described previously.
If the determination made 1n step 313 1s that an additional
remediative step 15 not necessary, the process proceeds to
step 314, where a terminal remediative step 1s performed.
Generally, the terminal remediative step performed in step
314 may be any step that 1s undertaken to remedy or prevent
any adverse effects arising out of the injection operation. For
example, where the methods of the present invention are
used 1n accordance with a fracturing process, examples of a
terminal remediative step include, but are not limited to,
disconfinuing the injection of the fracturing fluid into the
well bore, or halting the 1njection of a proppant into the well
bore, among other possible terminal remediative steps. One
of ordinary skill in the art, with the benefit of this disclosure,
will recognize the appropriate terminal remediative step for
a particular application. The process then proceeds to step
315, wherein the injection process 1s ended. In certain
exemplary embodiments of the present invention, all steps
illustrated in FIG. 3 may be performed 1n real time.

FIG. 4 depicts an exemplary embodiment where the
methods of the present invention are used 1n connection with
a fracturing process. In step 401, a fluid 1s 1njected into a
region of a subterranean formation surrounding a well bore
S0 as to create or extend at least one fracture in a subterra-
ncan formation. In step 402, physical property data 1s sensed
in the subterranean formation during the time in which the
fluid 1s 1njected 1nto the formation. For example, referring
now to FIG. 1, a pressure signal may be received by sensing
device 10. In step 403, frequency spectrum data 1s created by
applying a wavelet transform to the physical property data.
In certain exemplary embodiments, the wavelet transform
that 1s applied may be a wavelet from the Daubechies family
of wavelets. For example, the pressure signal sensed by
sensing device 10 may be transmitted to signal processor
unit 22, which converts the pressure signal to a normalized
wavelet coeflicient by applying a wavelet transform to the
pressure signal. In certain exemplary embodiments, signal
processor unit 22 may produce output 50, comprising nor-
malized wavelet coeflicient 500, which may then be gener-
ated and plotted on display 60.

Referring again to FIG. 4, 1n step 404, the frequency
spectrum data 1s analyzed to determine whether an event
(c.g., a formation event or a tool event) has occurred. The
occurrence of such event will generally appear as a deviation
in the amplitude of normalized wavelet coeflicient 500. In
certain exemplary embodiments of the present invention,
step 404 may further comprise examining the raw pressure
signal 200 1n conjunction with analyzing the frequency
spectrum data. If an event has not occurred, then the
injection process is proceeding normally (e.g., the fracture is
being extended by the injection of the fluid), and the process
proceeds to step 405, where the determination 1s made
whether the 1njection process 1s complete. If the 1njection
process 1s determined to be complete, the process proceeds
to step 415, where it ends. If the ijection process 1s not
complete, the process returns to step 401. If, however, the
result of the determination 1n step 404 1s that an event has
occurred, the process proceeds to step 406, which comprises
analyzing the frequency spectrum data to determine whether
the event 1s a formation event, a determination that has been
previously described with reference to FIG. 3. If the event
that has occurred 1s found not to be a formation event, the
event 1s a spurious event and the process proceeds to the
determination in step 407 of whether the spurious event
requires a remedy, which determination has been previously
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described with reference to FIG. 3. If the spurious event 1s
determined not to require a remedy, the process continues to
the determination 1n step 4035, which has been previously
described. If the spurious event 1s determined to require a
remedy, the process continues to step 408, where a reme-
diative step or steps tailored to the particular spurious event
are performed, after which the process continues to the
determination 1n step 405 of whether the injection process 1s
complete, which determination has been previously
described.

If, however, the determination 1s made 1n step 406 that a
formation event has occurred, the process proceeds to step
409, where the type of formation event 1s 1dentified. For
example, the formation event may be 1dentified as the
planned or unplanned cessation of propagation of the frac-
ture, the closure of the fracture, the propagation of the
fracture into an undesirable zone of the formation, or a wide
variety of other events. The cessation of propagation of the
fracture may be recognized from an examination of a
deviation 1n the amplitude of normalized wavelet coeflicient
500: a deviation caused by the cessation of propagation of
the fracture generally demonstrates a persistently higher
amplitude than had been observed before the occurrence of
the event (an example of a deviation caused by the cessation
of propagation may be seen in FIG. §, at region 515), and is
often accompanied by an increase 1n the amplitude of raw
pressure signal 200. Fracture closure may be recognized
from an examination of a deviation in the amplitude of
normalized wavelet coetlicient 500 versus time: a deviation
caused by fracture closure generally comprises peaks having
a far greater amplitude than peaks generated by the cessation
of propagation. In certain exemplary embodiments of the
present invention, the identification of the type of formation
event made 1n Step 409 further comprises using conven-
tional monitoring techniques in conjunction with analyzing
frequency spectrum data, e.g., by analyzing normalized
wavelet coeflicient 500 along with analyzing a conventional
log-log plot of a net pressure curve. For example, an
operator may detect the cessation of propagation of the
fracture through an analysis of normalized wavelet coefli-
cient 500, and utilize a log-log plot of a net pressure curve
to confirm the initial 1dentification of the formation event.
After the 1dentification 1n step 409 of the type of formation
event that has occurred, the process proceeds to step 410,
where the determination 1s made whether a remediative step
1s necessary. This determination has been previously
described with reference to FIG. 3. If a remediative step 1s
found to be unnecessary, the process proceeds to the deter-
mination in step 405 of whether the 1njection 1s completed,
which determination has previously been described.

If, however, a remediative step 1s found to be necessary,
the process proceeds to step 411, wherein the remediative
step 1s performed. For example, the remediative step may
comprise: discontinuing the injection of the fluid into the
well bore; 1njecting a different fluid into the well bore; or
pressure pulsing the injection of the fluid mto the well bore.
In certain other embodiments, the remediative step may
comprise halting the injection of a proppant mto the well
bore; injecting a different proppant into the well bore; or
injecting a clear fluid into the well bore, then resuming the
injection of proppant into the well bore. One of ordinary
skill 1n the art, with the benefit of this disclosure, will be able
to recognize an appropriate remediative step for a particular
formation event. The preceding recitation of possible reme-
diative steps 1s not meant to comprise an exhaustive list of
remediative steps, but 1s intended merely for illustrative
purposes. Other embodiments of remediative steps are
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encompassed within the present invention, and will be
recognizable to one of ordinary skill in the art, with the
benefit of this disclosure. After the remediative step 1s
performed 1n step 411, the process moves to step 412, which
comprises a determination of whether the remediative step
was successful (e.g., whether the fracture has resumed
extending). Such a determination may be made from an
examination of normalized wavelet coefhicient 500, to 1den-
tify whether it has resumed its previous, stable trend (cor-
responding to normal fracture propagation) demonstrated
prior to the formation event; an example of such stable trend
prior to a formation event may be seen 1n FIG. §, at region
505. If 1t 1s determined in step 412 that the fracture has
resumed extending, then the process returns to step 4085,
wheremn the determination 1s made whether the 1njection
process 1s complete, as previously described. If 1t 1s deter-
mined 1n step 412 that the fracture has not resumed extend-
ing, the process proceeds to step 413, where a determination
1s made whether an additional remediative step or steps
should be performed; such determination has been previ-
ously described with reference to FIG. 3. If the determina-
tion 1n step 413 1s that an additional remediative step or steps
should be performed, the process returns to step 411, which
has been previously described. If, however, the determina-
tion 1n step 413 1s that an additional remediative step should
not be performed, the process continues to step 414, wherein
a terminal remediative step 1s performed. For example, the
terminal remediative step may comprise: discontinuing the
injection of the fluid into the well bore; 1injecting a different
fluid nto the well bore; halting the 1njection of a proppant
into the well bore; or another suitable terminal remediative
step. The preceding recitation of possible terminal remedia-
five steps 1s not meant to comprise an exhaustive list of
terminal remediative steps, but 1s intended merely for 1llus-
frative purposes. Other embodiments of terminal remedia-
five steps are encompassed within the present invention, and
will be recognizable to one of ordinary skill in the art, with
the benefit of this disclosure. After the terminal remediative
step 1s performed 1n step 414, the process terminates 1n step
415. In certain exemplary embodiments of the present
invention, all steps 1llustrated in FIG. 4 may be performed 1n
real time.

Whereas FIGS. 3 and 4 illustrated exemplary embodi-
ments of methods of the present invention comprising steps
involving the generation and analysis of a normalized wave-
let coetlicient, FIG. § depicts a graphical representation of an
embodiment of normalized wavelet coeflicient 500 gener-
ated from a subterrancan well bore during an actual fracture
stimulation treatment. Regions 505, 510, 515, and 530 of
FIG. § illustrate regions of normalized wavelet coeflicient
500 generated 1 accordance with the present invention and
correspond contemporancously to regions 205, 210, 215,
and 230, respectively, of FIG. 2. An examination of FIG. §
illustrates that the methods of the present invention facilitate
the distinction of normal fracture propagation from the
cessation of propagation; as shown in FIG. 5, a region of
normal fracture propagation illustrated by region 505 may
be easily distinguished from region 515, wherein the frac-
ture has stopped propagating. In certain exemplary embodi-
ments of the present invention, the distinction between
normal fracture propagation and the cessation of propaga-
flon may be made in real-time. The indication of the
cessation ol propagation of the subterranean fracture by
region 515 of normalized wavelet coeflicient 500 may spur
an operator to take a variety of remediative steps, including
but not limited to those previously described herein. In
certain exemplary embodiments of the present invention, the
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remediative step may be taken before the fracture closes.
FIG. 5 also illustrates that the methods of the present
invention also facilitate the distinction of spurious data (such
as a temporary tool event) from a formation event, (e.g.,
actual fracture closure) as may be seen from a comparison
of region 510 to region 530. Where a normalized wavelet
coelficient 1s generated by the application of a wavelet
fransform to a set of physical property data, a deviation in
such normalized wavelet coeflicient caused by the occur-
rence of a formation event 1s generally a persistent deviation,
comprising numerous data points deviating from the previ-
ous trend, as may be seen from region 515. In contrast, a
deviation due to the occurrence of a spurious event (such as
a temporary tool event) is generally much shorter in dura-
tion, and may comprise only a few data points, as may be
seen from region 510. The methods of the present invention
permit the distinction between a spurious event and a
formation event to be made far more rapidly than would be
permitted by conventional fracturing monitoring techniques
because the normalized wavelet coeflicients generated by
the methods of the present invention are plotted and ana-
lyzed 1n real time, as opposed to being plotted on a log-log
plot as 1s the case with conventional techniques. In certain
embodiments of the present invention, the distinction
between spurious data and a formation event may be made
by an operator 1n real-time. Where a tool event occurs, the
rapid distinction between a tool event and a formation event
may permit an operator to continue fracturing operations
rather than halt fracturing prematurely. Where a formation
event (e.g., fracture closure) occurs, the rapid distinction
between a tool event and a formation event may permit an
operator to promptly undertake a remediative step, such as
to reduce, or eliminate, proppant accumulation in the well
bore. In certain exemplary embodiments, the remediative
step may be undertaken 1n real time.

In certain exemplary embodiments of the present mnven-
fion, signal processor unit 22 may be a computer comprising
an expert software program, wherein the expert software
program 1s programmed (in software or firmware) using
known programming techniques to analyze normalized
wavelet coefficient 500 and identify events such as tool
events, formation events, fracture closure, and the like, and
to display a message on a computer screen suggesting to the
operator the occurrence of such event. The computer may
further provide an output signal used to control the overall
fluid 1mjection process, such as controlling the pumping of
the fracturing fluid or the formulating of the fracturing fluid,
for example. The computer may comprise software pro-
grammed (in software or firmware) using known program-
ming techniques to 1implement the desired functions of the
present mvention as described herein. Accordingly, FIG. 6
depicts an exemplary embodiment wherein the methods of
the present mvention are used 1n connection with a com-
puter-implemented method for monitoring the injection of
fluid mto a subterrancan formation. The exemplary embodi-
ment 1llustrated in FIG. 6 1s described with reference to a
fracturing operation, but it 1s contemplated and within the
scope of the present invention for the invention described
herein to be applied to other injection operations (e.g.,
conformance applications and flooding operations, among
others) with some modification. In step 601, a fluid is
injected 1nto a region of a subterranean formation surround-
ing a well bore. In step 602, physical property data (e.g.,
pressure data, temperature data and the like) is sensed in the
subterrancan formation during the time 1n which the fluid 1s
injected therein. In step 603, the physical property data is
transmitted to a computer (€.g., signal processor unit 22). In
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step 604, the computer performs a Wavelet Transform on at
least a portion of the physical property data so as to provide
frequency spectrum data (e.g., normalized wavelet coeffi-
cient 500) corresponding to at least a portion of the physical
property data.

In step 605, the computer analyzes the frequency spec-
trum data to determine whether an event has occurred. The
occurrence of such event will generally appear as a deviation
in the amplitude of normalized wavelet coethicient 500. If
the answer to the determination 1n step 6035 1s no, then the
injection process 1s proceeding elfectively, and the process
proceeds to the determination in step 606 of whether the
Injection process 1s complete, a determination that has been
previously described. If the injection process 1s determined
not to be complete, the process returns to step 601. If the
injection process 1s determined to be complete, the process
proceeds to end 1n step 620. However, 1t will be recognized
that 1n certain exemplary embodiments, an operator may
clect to perform a terminal remediative step before ending
the 1nmjection process, and thus in such embodiments the
computer may be programmed to proceed from step 606 to
step 617, wherein the operator 1s prompted to i1dentily a
desired terminal remediative step; step 617 will be further
described later 1 this application.

If, however, the answer to the determination in step 603
1s that an event has occurred, the process proceeds to step
607. Step 607 comprises analyzing the frequency spectrum
data to determine whether the event 1s a formation event,
which determination has previously been described with
reference to FIG. 3. In certain exemplary embodiments of
the present invention, the determination made 1n step 607
further comprises using conventional monitoring techniques
in conjunction with analyzing frequency spectrum data, e.g.,
by analyzing normalized wavelet coeflicient 500 along with
analyzing a conventional log-log plot of a net pressure
curve. For example, an operator may detect a formation
event such as the cessation of propagation through an
analysis of normalized wavelet coeflicient 500, and wait for
confirmation of the formation event on the log-log plot of a
net pressure curve before acting on such detection. If the
analysis in step 607 concludes with a determination that the
event 1S not a formation event, the event 1s therefore a
spurious event, and the process proceeds to step 608,
wherein the determination 1s made whether the spurious
event that has occurred 1s one that requires the performance
of a remediative step, as has been previously described with
reference to FIG. 3. If the spurious event 1s determined not
to require a remedy, the process continues to the determi-
nation in step 606 of whether the injection 1s complete,
which has been previously described. If, however, the deter-
mination 1s made 1n step 608 that the spurious event does
require a remedy, then the process continues to step 609,
where a remediative step or steps tailored to the particular
spurious event are performed, after which the process con-
tinues to the determination i1n step 606 of whether the
injection process 1s complete, which determination has been
previously described.

If, however, the analysis 1n step 607 concludes with a
determination that the event 1s a formation event, the process
proceeds to step 610 wherein the type of formation event 1s
identified, which step has previously been described with
reference to FIG. 4. From step 610, the process proceeds to
step 611, wherein a determination 1s made of whether a
remediative step 1s necessary. If a remediative step 1s deter-
mined to be unnecessary, the process proceeds to step 606,
which has been previously described. If, however, a reme-
diative step 1s determined to be necessary, the process

10

15

20

25

30

35

40

45

50

55

60

65

16

proceeds to step 612, wherein the computer prompts the
operator to 1identify the operator’s desired remediative step.
Such remediative step may comprise those previously
described herein, for example. Other embodiments of reme-
diative steps are encompassed within the present invention,
and will be recognizable to one of ordinary skill in the art,
with the benefit of this disclosure. In step 613, the operator
informs the computer of the desired remediative step. In step
614, the computer transmits an output to perform the desired
remediative step.

From step 614, the process proceeds to step 615, wherein
the frequency spectrum data (generated after the remediative
step is performed) is analyzed to determine whether the
remediative step was successful (e.g., whether the fracture
resumed extending after the performance of the remediative
step). Such a determination may be made from an exami-
nation of normalized wavelet coeflicient 500, to identily
whether it has resumed its previous, stable trend (corre-
sponding to normal fracture propagation) demonstrated
prior to the formation event; an example of such stable trend
prior to a formation event may be seen 1n FIG. §, at region
505. If 1t 1s determined 1n step 615 that the remediative step
was successiul, then the process returns to step 606, which
has been previously described. If 1t 1s determined 1n step 615
that the remediative step was not successtul, the process
proceeds to step 616.

In step 616, a determination 1s made whether an additional
remediative step or steps should be performed; such deter-
mination has been previously described with reference to
FIG. 3. If the determination in step 616 1s that an additional
remediative step or steps should be performed, the process
returns to step 612, which has been previously described. If,
however, the determination 1n step 616 1s that an additional
remediative step should not be performed, the process
continues to step 617, where the computer prompts the
operator to 1dentily the operator’s desired terminal remedia-
five step. In step 618, the operator identifies the desired
terminal remediative step for the computer, and 1n step 619
the computer transmits an output to accomplish the desired
terminal remediative step. The terminal remediative step
may comprise steps such as those described above, for
example. Other embodiments of terminal remediative steps
are encompassed within the present invention, and will be
recognizable to one of ordinary skill in the art, with the
beneflit of this disclosure. After the terminal remediative step
1s performed 1n step 619, the process terminates in step 620.
In certain exemplary embodiments of the present invention,
all steps 1llustrated 1n FIG. 6 may be performed 1n real time.

Referring now to FIGS. 7a and 7b, a process flow diagram
of another exemplary embodiment of a computer-imple-
mented method for monitoring the injection of fluid nto a
subterrancan formation 1s illustrated therein. Steps 701
through 711 are comparable to steps 601 through 611
illustrated 1n, and previously described with reference to,
FIG. 6. In certain exemplary embodiments of the present
invention where the computer (e.g., signal processor unit 22)
comprises an expert software program, step 712 may com-
prise the computer analyzing the frequency spectrum data to
identify a suitable remediative step. The process then pro-
ceeds to step 713, wherein the computer suggests the per-
formance of the particular remediative step 1dentified 1n step
712. Such “suggestion” of a remediative step may occur, for
example, by displaying a message on display 60, suggesting
that the operator perform a particular remediative step. From
step 713, the process continues to step 714, wherein the
operator enters an mput to authorize, or reject, the comput-
er’s suggested remediative step. If the operator authorizes
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the suggested remediative step 1n step 714, the process
proceeds to step 715, wherein the computer transmits an
output to accomplish the desired remediative step, after
which the process continues to step 716. If, however, the
operator rejects the computer’s suggested remediative step
in step 714, the process proceeds to step 717, wherein the
computer prompts the operator to enter an input identifying
the operator’s desired remediative step. The process then
continues to step 718, wherein the operator inputs the
desired remediative step. From there, the process proceeds
to step 719, wherein the computer transmits an output to
accomplish the operator’s desired remediative step. The
process then proceeds to step 716, which comprises analyz-
ing the frequency spectrum data (generated after the reme-
diative step is performed) to determine whether the reme-
diative step was successful (e.g., whether the fracture
resumed extending after the performance of the remediative
step). Such a determination may be made from an exami-
nation of normalized wavelet coeflicient 500, to identily
whether it has resumed its previous, stable trend (corre-
sponding to normal fracture propagation) demonstrated
prior to the formation event; an example of such stable trend
prior to a formation event may be seen 1n FIG. §, at region
505. If 1t 1s determined in step 716 that the remediative step
was successiul, then the process returns to step 706, which
has been previously described with reference to FIG. 6. If,
however, 1t 1s determined 1n step 716 that the remediative
step was not successiul, the process proceeds to step 720.

In step 720, a determination 1s made whether an additional
remediative step or steps should be performed; such deter-
mination has been previously described with reference to
FIG. 3. If the determination in step 720 1s that an additional
remediative step or steps should be performed, the process
returns to step 712, which has been previously described. If,
however, the determination 1n step 720 1s that an additional
remediative step should not be performed, the process
continues to step 721, where the computer analyzes the
frequency spectrum data to identify a suitable terminal
remediative step. The process then proceeds to step 722,
wheremn the computer suggests the performance of the
particular terminal remediative step 1dentified 1n step 721.
From step 722, the process continues to step 723, wherein
the operator enters an 1nput to authorize, or reject, the
computer’s suggested terminal remediative step. If the
operator authorizes the suggested terminal remediative step
in step 723, the process proceeds to step 724, wherein the
computer transmits an output to accomplish the desired
terminal remediative step, alter which the process proceeds
to step 725, where 1t ends.

If, however, the operator rejects the computer’s suggested
remediative step 1n step 723, the process proceeds to step
726, wherein the computer prompts the operator to enter an
input 1identifying the operator’s desired terminal remediative
step. The process then continues to step 727, wherein the
operator 1nputs the desired terminal remediative step. From
there, the process proceeds to step 728, wherein the com-
puter transmits an output to accomplish the operator’s
desired terminal remediative step. The process then pro-
ceeds to step 725, where it ends. In certain exemplary
embodiments of the present invention, all steps illustrated in
FIGS. 7a and 7b may be performed 1n real time.

While the present invention has been primarily described
herein with reference to fracturing operations, 1t will be
understood that the methods of the present 1nvention may
also be suitable for any other subterranean application
comprising the step of imjecting a fluid 1nto a region of a
subterrancan formation surrounding a well bore. For
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example, the methods of the present invention may prove
useful 1n conformance applications, as illustrated by the
exemplary embodiment depicted 1in FIG. 8. In step 801, a
fluid 1s 1injected 1nto a region of a subterrancan formation
surrounding a well bore so as to alter the flow profile of a
second fluid within the subterrancan formation. In step 802,
physical property data 1s sensed 1n the subterranean forma-
fion during the time 1n which the fluid 1s mjected into the
formation. In step 803, frequency spectrum data 1s created
by applying a Wavelet Transtorm to the physical property
data. In step 804, the frequency spectrum data 1s analyzed to
determine 1f an event has occurred, which determination has
already been described with reference to FIG. 3. If the
answer to the determination i1n step 804 is no, then the
process may proceed to step 805, wherein the determination
is made whether the injection is completed (e.g., whether the
goals of the injection have been met). If the injection is
completed, the process continues to step 815, where 1t ends.
If the injection 1s not completed at step 8035, the process
returns to step 801.

Returning to the determination made 1n step 804, 1if the
answer to the determination therein i1s that an event has
occurred, the process continues to step 806, where the
frequency spectrum data 1s analyzed to determine whether
the event 1s a formation event, as previously described
herein. If the determination 1n step 806 1s that a formation
event has not occurred, the event 1s a spurious event, and the
process passes to the determination in step 807 of whether
the spurious event requires a remedy, which determination
has been previously described with respect to FIG. 3. If the
spurious event 1s determined to require a remedy, the process
confinues to step 808, wherein a remediative step or steps
tailored to the particular spurious event are performed, after
which the process continues to the determination 1n step 805
of whether the injection has been completed, which deter-
mination has already been described.

If, however, the determination 1 step 806 1s that a
formation event has occurred, the process continues to step
809, which comprises analyzing the frequency spectrum
data to 1dentify the particular formation event that has
occurred. For example, the formation event may comprise
the obstruction of the injection fluid by a subterranean
boundary. The presence of a subterranean boundary may be
recognized from an examination of a deviation 1n the
amplitude of normalized wavelet coeflicient 500: a deviation
caused by contact with a subterrancan boundary 1s generally
accompanied by a significant, persistent deviation in the
amplitude of normalized wavelet coeflicient 500. Generally,
such deviation in the amplitude of normalized wavelet
coellicient will persist for more than 1 minute before the
amplitude returns to the level 1t occupied before the event.
In certain exemplary embodiments, such deviation in the
amplitude of normalized wavelet coetficient will persist for
several minutes before the amplitude returns to the level 1t
occupied before the contact with the subterranean boundary
occurred. Another example of a formation event may occur
when the mjected fluid 1s determined to have flowed out of
the zone of interest and entered a different, second zone
within the subterrancan formation that has a diffusivity
different from that of the zone of interest. The departure of
the 1njection fluid from the zone of interest may be detected
from an examination of a deviation in the amplitude of
normalized wavelet coefficient 500, which will either
increase or decrease, depending on factors such as the
permeability of the second zone and the viscosity of the
injection tluid. The deviation in the amplitude of normalized
wavelet coefficient 500 caused by departure of the injection
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fluid from the zone of mterest will persist for a time duration
that 1s longer than that of a spurious event but shorter than
that which occurs from contact with a boundary. The pre-
ceding recitation of formation events 1s not meant to com-
prise an exhaustive list of formation events, but 1s intended
merely for illustrative purposes. Other embodiments of
formation events are encompassed within the present inven-
tion, and will be recognizable to one of ordinary skill in the
art, with the benefit of this disclosure.

After the 1dentification 1n step 809 of the type of forma-
tion event that has occurred, the process continues to step
810, where a determination 1s made whether a remediative
step 1s necessary. As previously described with reference to
FIG. 3, the determination whether a remediative step 1s
necessary will involve the judgment of the operator. In
certain exemplary embodiments of the present invention, the
occurrence of the formation event may not require the
immediate performance of a remediative step, but may serve
to alert the operator that an adverse situation may be
developing, or may be about to develop. One of ordinary
skill in the art, with the benefit of this disclosure, will
recognize when the performance of a remediative step 1s
necessary. If 1t 1s determined in step 810 that a remediative
step 1s not necessary, the process continues to step 8035,
which has been previously described. If, however, it 1s
determined 1n step 810 that a remediative step 1s necessary,
the process continues to step 811, wherein the remediative
step 1s performed. For example, the remediative step may
comprise reducing the fluid injection pressure, 1n some
embodiments. Where the fluid injection 1s determined to
have exited the zone of interest in the formation, the
remediative step may comprise proceeding to terminate the
injection. In certain exemplary embodiments involving dual
injection operations, the remediative step may comprise
altering the 1njection rates for the two fluids, or altering the
ratio of the imjection rates. After the performance of the
remediative step 1n step 811, the process passes to step 812,
comprising the examination of the frequency spectrum data
ogenerated after the performance of the remediative step, to
determine if the remediative step was successful. Success
will generally be determined by evaluating whether normal-
1zed wavelet coetlicient S00 has returned to its stable state
demonstrated before the injected fluid encountered the sub-
terrancan boundary. If the remediative step 1s determined to
have been successtul, the process passes to step 805 for a
determination of whether injection 1s completed. If, how-
ever, the remediative step has proven unsuccessful, the
process proceeds to step 813, where a determination 1s made
whether an additional remediative step or steps should be
performed; such determination has been previously
described with reference to FIG. 3. If the determination in
step 813 1s that an additional remediative step or steps
should be performed, the process returns to step 811, which
has been previously described. If, however, the determina-
tion 1n step 813 1s that an additional remediative step should
not be performed, the process continues to step 814, wherein
a terminal remediative step 1s pertormed. Such terminal
remediative step may comprise, for example, discontinuing
the 1mmjection of a particular fluid. The process then ends in
step 815. In certain exemplary embodiments of the present
invention, all steps in FIG. 8 may be performed 1n real time.

Another mstance where the methods of the present inven-
tion may also be used involves CO,-flooding or water-
flooding operations, wherein carbon dioxide or water are
injected 1n order to maintain or increase the pressure in the
subterrancan formation, as illustrated by the exemplary
embodiment depicted in FIG. 9. Flooding applications may
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be of lengthy duration (e.g., days, months, or years). The
steps 1llustrated 1n FIG. 9 are comparable to those 1llustrated
in, and previously described with reference to, FIG. 8. The
remediative step performed 1n step 911 may comprise alter-
ing the viscosity of the mjected fluid, for example where the
permeability within the subterrancan formation 1s found to
possess substantial heterogeneity. In other exemplary
embodiments, the remediative step may comprise altering
the rate at which the fluid 1s injected. In certain exemplary
embodiments of the present immvention, all steps in FIG. 9
may be performed 1n real time.

Therefore, the present invention i1s well-adapted to carry
out the objects and attain the ends and advantages mentioned
as well as those which are inherent theremn. While the
invention has been depicted, described, and 1s defined by
reference to exemplary embodiments of the invention, such
a reference does not 1imply a limitation on the invention, and
no such limitation 1s to be inferred. The invention is capable
of considerable modification, alternation, and equivalents in
form and function, as will occur to those ordinarily skilled
in the pertinent arts and having the benefit of this disclosure.
The depicted and described embodiments of the mmvention
are exemplary only, and are not exhaustive of the scope of
the invention. Consequently, the invention 1s intended to be
limited only by the spirit and scope of the appended claims,
orving tull cognizance to equivalents 1n all respects.

We claim:

1. A method for monitoring the injection of fluid mnto a
subterrancan formation, comprising the steps of:

injecting a fluid 1nto a region of the subterranean forma-

tion surrounding a well bore;

creating frequency spectrum data by applying a wavelet

transform to physical property data sensed 1n the sub-
terrancan formation during the time 1 which fluid 1s
injected into the formation; and

determining from the frequency spectrum data at least one

parameter relating to the fluid injection.

2. The method of claim 1 wherein the physical property
data 1s selected from the group consisting of pressure data
and temperature data.

3. The method of claim 1 wherein all steps are performed
in real time.

4. The method of claim 1 further comprising performing
a remediative step.

5. The method of claim 4 wherein the remediative step 1s
selected from the group consisting of discontinuing the
injection of the tluid 1nto the well bore; 1injecting a different
fluid into the well bore; pressure pulsing the injection of the
fluid into the well bore; halting the injection of a proppant
into the well bore; injecting a different proppant into the well
bore; 1injecting a clear fluid into the well bore, then resuming,
the 1njection of proppant into the well bore; reducing the
injection pressure of the fluid injected into the formation;
and altering the wviscosity of the fluid injected into the
formation.

6. The method of claim 1 wherein the step of injecting a
fluid comprises injecting a fluid nto a region of the subter-
rancan formation surrounding a well bore so as to create or
extend at least one fracture 1n a subterranean formation.

7. The method of claim 6 wherein the step of determining
at least one parameter comprises making a determination
selected from the group consisting of: determining that the
fracture 1s being extended by the injection of the fluid;
determining that a spurious event has occurred; determining
that a formation event has occurred; determining the type of
formation event that has occurred; determining whether a
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remediative step 1s necessary; and determining whether a
remediative step that has been performed was successiul.

8. The method of claim 6 wherein the step of determining
at least one parameter comprises determining that a forma-
tion event has occurred, comprising making a determination
selected from the group consisting of: determining that the
fracture has ceased to extend and determining that the
fracture has closed.

9. The method of claim 7 wherein the step of determining
at least one parameter further comprises the step of utilizing
a log-log plot of a net pressure curve.

10. The method of claim 7 further comprising the addi-
tional step of performing a remediative step.

11. The method of claim 10 wherein the remediative step
1s selected from the group consisting of discontinuing the
injection of the fluid into the well bore; 1injecting a different
fluid into the well bore; pressure pulsing the 1njection of the
fluid into the well bore; halting the 1njection of a proppant
into the well bore; injecting a different proppant into the well
bore; injecting a clear fluid 1nto the well bore, then resuming,
the 1njection of proppant into the well bore; reducing the
injection pressure of the fluid imjected into the formation;
and altering the wviscosity of the fluid injected into the
formation.

12. The method of claim 10 wherein all steps are per-
formed 1n real time.

13. The method of claim 1 wherein the step of 1njecting
a Huid comprises injecting a fluid 1nto a region of the
subterrancan formation surrounding a well bore so as to
maintain or increase the pressure 1n the formation.

14. The method of claim 13 wheremn the fluid 1s selected
from the group consisting of water and carbon dioxide.

15. The method of claim 13 wherein the step of deter-
mining at least one parameter comprises making a determi-
nation selected from the group consisting of: determining
that the fluid injection 1s proceeding effectively; determining
that a spurious event has occurred; determining that a
formation event has occurred; determining the type of
formation event that has occurred; determining whether a
remediative step 1s necessary; and determining whether a
remediative step that has been performed was successiul.

16. The method of claim 13 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
comprises the step of making a determination selected from
the group consisting of: determining that the fluid has
reached a boundary within the formation, and determining
that the fluid has departed from the zone of interest within
the formation.

17. The method of claim 14 further comprising the
additional step of performing a remediative step.

18. The method of claim 17 wherein the remediative step
1s selected from the group consisting of discontinuing the
injection of the fluid into the well bore; 1injecting a different
fluid 1nto the well bore; pressure pulsing the 1njection of the
fluid 1nto the well bore; reducing the 1njection pressure of the
fluid imjected into the formation; and altering the viscosity of
the fluid 1njected into the formation.

19. The method of claim 18 wherein all steps are per-
formed 1n real time.

20. The method of claim 1 wherein the step of 1njecting
a fluid comprises 1njecting a first fluid into a region of the
subterrancan formation surrounding a well bore so as to alter
the tlow profile of a second fluid within the subterranean
formation.

10

15

20

25

30

35

40

45

50

55

60

65

22

21. The method of claim 20 wherein the step of deter-
mining at least one parameter comprises making a determi-
nation selected from the group consisting of: determining
that the injection of the first fluid 1s proceeding effectively;
determining that a spurious event has occurred; determining
that a formation event has occurred; determining the type of
formation event that has occurred; determining whether a
remediative step 1s necessary; and determining whether a
remediative step that has been performed was successtul.

22. The method of claim 20 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
comprises the step of making a determination selected from
the group consisting of: determining that the first fluid has
reached a boundary within the formation, and determining
that the first fluid has departed from the zone of interest
within the formation.

23. The method of claim 21 further comprising the
additional step of performing a remediative step.

24. The method of claim 23 wherein the remediative step
1s selected from the group consisting of discontinuing the
injection of the fluid into the well bore; 1njecting a different
fluid into the well bore; pressure pulsing the injection of the
fluid 1nto the well bore; reducing the 1njection pressure of the
fluid 1injected 1nto the formation; and altering the viscosity of
the fluid 1njected 1nto the formation.

25. The method of claim 23 wherein all steps are per-
formed in real time.
26. The method of claim 1 wherein the step of creating
frequency spectrum data comprises applying a wavelet from
the Daubechies family of wavelets.
27. A computer-implemented method for monitoring the
injection of fluid into a subterrancan formation, comprising
the steps of:
receiving 1n a computer physical property data obtained
from the 1njection of a fluid into a region of a subter-
rancan formation surrounding a well bore;

performing 1n the computer a Wavelet Transform on at
least a portion of the physical property data received in
the computer to provide frequency spectrum data cor-
responding to at least a portion of the physical property
data; and

using the frequency spectrum data to determine at least
one parameter relating to the fluid 1njection process.

28. The method of claim 27 wherein the physical property
data 1s selected from the group consisting of pressure data
and temperature data.

29. The method of claim 27 wherein all steps are per-
formed 1n real time.

30. The method of claim 27 further comprising the
additional step of performing a remediative step.

31. The method of claim 30 wherein the remediative step
1s selected from the group consisting of: discontinuing the
injection of a fracturing fluid mnto a well bore; 1njecting a,
different fluid mto a well bore; pressure pulsing the 1njection
of a fluid 1nto a well bore; halting the injection of a proppant
into a well bore; 1njecting a different proppant into a well
bore; 1injecting a clear fluid into a well bore, then resuming
the 1njection of proppant into the well bore; reducing the
injection pressure of a fluid injected nto the formation; and
altering the viscosity of a fluid injected into the formation.

32. The method of claim 30 further comprising the
additional step of transmitting an output from the computer
to perform the remediative step.
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33. The method of claim 27 wherein the step of 1njecting
a Huid comprises injecting a fluid 1nto a region of the
subterrancan formation surrounding a well bore so as to
create or extend at least one fracture 1n a subterranean
formation.

34. The method of claim 33 wherein the step of deter-
mining at least one parameter comprises making a determi-
nation selected from the group consisting of: determining
that the fracture 1s being extended by the injection of the
fluid; determining that a spurious event has occurred; deter-
mining that a formation event has occurred; determining the
type of formation event that has occurred; determining
whether a remediative step 1s necessary; and determining
whether a remediative step that has been performed was
successtul.

35. The method of claim 33 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred, comprising making a deter-
mination selected from the group consisting of: determining

that the fracture has ceased to extend and determining that
the fracture has closed.

36. The method of claim 34 wherein the step of deter-
mining at least one parameter further comprises the step of
utilizing a log-log plot of a net pressure curve.

7. The method of claim 34 further comprising the
additional step of performing a remediative step.

38. The method of claim 37 wherein the remediative step
1s selected from the group consisting of: discontinuing the
injection of a fracturing fluid nto a well bore; 1jecting a
different fluid into a well bore; pressure pulsing the injection
of a fluid 1nto a well bore; halting the 1injection of a proppant
into a well bore; mjecting a different proppant into a well
bore; 1njecting a clear fluid mnto a well bore, then resuming,
the 1njection of proppant into the well bore; reducing the
injection pressure of a fluid injected into the formation; and
altering the viscosity of a fluid injected into the formation.

39. The method of claim 38, further comprising the step
of using an expert computer program to analyze the fre-
quency spectrum data, and wherein the remediative step 1s
suggested by the expert computer program.

40. The method of claim 37 wherein all steps are per-
formed 1n real time.

41. The method of claam 37 further comprising the
additional step of transmitting an output from the computer
to perform the remediative step.

42. The method of claim 27 wherein the step of injecting
a Huid comprises injecting a fluid mto a region of the
subterrancan formation surrounding a well bore so as to
maintain or increase the pressure 1n the formation.

43. The method of claim 42 wherein the fluid 1s selected
from the group consisting of water and carbon dioxide.

44. The method of claim 42 wherein the step of using the
frequency spectrum data to determine at least one parameter
comprises making a determination selected from the group
consisting of: determining that the fluid injection 1s proceed-
ing effectively; determining that a spurious event has
occurred; determining that a formation event has occurred;
determining the type of formation event that has occurred;
determining whether a remediative step 1s necessary; and
determining whether a remediative step that has been per-
formed was successtul.

45. The method of claim 42 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
comprises the step of making a determination selected from
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the group consisting of: determining that the fluid has
reached a boundary within the formation, and determining
that the fluid has departed from the zone of interest within
the formation.

46. The method of claim 43 further comprising the
additional step of performing a remediative step.

4’7. The method of claim 46 wherein the remediative step
1s selected from the group consisting of: discontinuing the
injection of a fracturing fluid into a well bore; 1njecting a
different fluid into a well bore; pressure pulsing the 1injection
of a fluid into a well bore; reducing the injection pressure of
a fluid 1njected into the formation; and altering the viscosity
of a fluid mjected into the formation.

48. The method of claim 47, further comprising the step
of using an expert computer system to analyze the frequency
data, and wherein the remediative step 1s suggested by the
cxXpert computer system.

49. The method of claim 46 wherein all steps are per-
formed 1n real time.

50. The method of claim 46 further comprising the
additional step of transmitting an output from the computer
to perform the remediative step.

51. The method of claim 27 wherein the step of 1njecting
a fluid comprises mjecting a first fluid 1nto a region of the
subterrancan formation surrounding a well bore so as to alter
the tlow profile of a second fluid within the subterranean
formation.

52. The method of claim 51 wherein the step of using the
frequency spectrum data to determine at least one parameter
comprises making a determination selected from the group
consisting of: determining that the mjection of the first fluid
1s proceeding effectively; determining that a spurious event
has occurred; determining that a formation event has
occurred; determining the type of formation event that has
occurred; determining whether a remediative step 1s neces-
sary; and determining whether a remediative step that has
been performed was successtul.

53. The method of claim 51 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
comprises the step of making a determination selected from
the group consisting of: determining that the first fluid has
reached a boundary within the formation, and determining
that the first fluid has departed from the zone of interest
within the formation.

54. The method of claim 52 further comprising the
additional step of performing a remediative step.

55. The method of claim 54 wherein the remediative step
1s selected from the group consisting of: discontinuing the
injection of a fracturing fluid into a well bore; 1njecting a
different fluid into a well bore; pressure pulsing the 1njection
of a fluid into a well bore; reducing the injection pressure of
a fluid 1njected into the formation; and altering the viscosity
of a fluid mjected into the formation.

56. The method of claim 35 further comprising the step of
using an expert computer program to analyze the frequency
data, and wherein the remediative step 1s suggested by the
cxXpert computer program.

57. The method of claim 54 wherein all steps are per-
formed 1n real time.

58. The method of claim 54 further comprising the
additional step of transmitting an output from the computer
to perform the remediative step.
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59. The method of claim 27 wherein the step of perform-
ing 1n the computer a wavelet transform comprises applying
a wavelet from the Daubechies family of wavelets.

60. A method of fracturing a subterrancan formation
comprising the steps of:

injecting a fracturing fluid 1nto the subterranean formation

such that a fracture 1s created or extended 1n a region of
the formation surrounding a well bore and generates
pressure signals;

sensing the pressure signals;

generating frequency signals corresponding to the pres-

sure signals by applying a wavelet transform to the
pressure signals; and

determining from the frequency signals whether the frac-

ture 1s continuing to extend into the formation.

61. The method of claim 60 wherein the step of deter-
mining whether the fracture 1s continuing to extend into the
formation comprises distinguishing between a formation
event and spurious data.

62. The method of claiam 60 wherein the step of deter-
mining whether the fracture i1s continuing to extend into the
formation comprises distinguishing between the cessation of
propagation of the fracture, and fracture closure.

63. The method of claim 60 further comprising the step of
performing a remediative step after determining that the
fracture 1s not continuing to extend.

64. The method of claim 60 wherein all steps are per-
formed 1n real time.

65. The method of claim 60 wherein the step of generating
frequency signals corresponding to the pressure signals by
applying a Wavelet Transform to the pressure signals com-
prises applying a wavelet from the Daubechies family of
wavelets.

66. The method of claim 63 wherein the remediative step
1s selected from the group consisting of: discontinuing the
injection of a fracturing fluid into a well bore; 1njecting a
different fluid mto a well bore; pressure pulsing the 1njection
of a fluid mto a well bore; 1jecting a different proppant into
a well bore; halting the injection of proppant, and 1njecting
a clear fluid into the well bore, then resuming the injection
of proppant 1nto the well bore.

67. The method of claim 63 wherein the step of perform-
ing a remediative step after determining that the fracture is
not continuing to extend 1s performed before the fracture
closes.

68. The method of claam 60 wherein the step of deter-
mining whether the fracture 1s continuing to extend into the
formation further comprises utilizing a log-log plot of a net
pressure curve.

69. The method of claam 60 wherein the step of deter-
mining whether the fracture 1s continuing to extend into the
formation further comprises utilizing an expert computer
program.

70. The method of claim 69 further comprising the step of
performing a remediative step after determining that the
fracture 1s not continuing to extend, wherein the remediative
step 1s suggested by the expert computer program.

71. A method of flooding a subterranean formation, com-
prising the steps of:

injecting a fluid into a region of the subterranean forma-

tion surrounding a well bore so as to maintain or
increase the pressure in the formation;

creating frequency spectrum data by applying a wavelet
transform to physical property data sensed in the sub-
terranean formation during the time in which fluid is
injected into the formation; and
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determining from the frequency spectrum data at least one
parameter relating to the fluid 1njection.

72. The method of claim 71 wherein the physical property
data 1s selected from the group consisting of pressure data
and temperature data.

73. The method of claim 71 wherein the fluid 1s selected
from the group consisting of water and carbon dioxide.

74. The method of claim 73 wherein the step of deter-
mining at least one parameter comprises making a determi-
nation selected from the group consisting of: determining
that the fluid injection 1s proceeding effectively; determining
that a spurious event has occurred; determining that a
formation event has occurred; determining the type of
formation event that has occurred; determining whether a
remediative step 1s necessary; and determining whether a
remediative step that has been performed was successtul.

75. The method of claim 73 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
comprises the step of making a determination selected from
the group consisting of: determining that the fluid has
reached a boundary within the formation, and determining
that the fluid has departed from the zone of interest within
the formation.

76. The method of claim 74 further comprising the
additional step of performing a remediative step.

77. The method of claim 76 wherein the remediative step
1s selected from the group consisting of discontinuing the
injection of the fluid into the well bore; 1mnjecting a different
fluid into the well bore; pressure pulsing the injection of the
fluid 1nto the well bore; reducing the 1njection pressure of the
fluid 1njected mto the formation; and altering the viscosity of
the fluid 1njected 1nto the formation.

78. The method of claim 77 wherein all steps are per-
formed 1n real time.

79. A method of conforming a fluid flow profile 1n a
subterrancan formation, comprising the steps of:

injecting a first fluid 1nto a region of the subterranean
formation surrounding a well bore so as to alter the flow
proiile of a second fluid within the formation;

creating frequency spectrum data by applying a wavelet
transform to physical property data sensed in the sub-
terrancan formation during the time in which fluid is
injected into the formation; and

determining from the frequency spectrum data at least one
parameter relating to the fluid injection.

80. The method of claim 79 wherein the physical property
data 1s selected from the group consisting of pressure data
and temperature data.

81. The method of claim 79 wherein the step of deter-
mining at least one parameter comprises making a determi-
nation selected from the group consisting of: determining
that the fluid 1njection 1s proceeding etfectively; determining
that a spurious event has occurred; determining that a
formation event has occurred; determining the type of
formation event that has occurred; determining whether a
remediative step 1s necessary; and determining whether a
remediative step that has been performed was successful.

82. The method of claim 79 wherein the step of deter-
mining at least one parameter comprises determining that a
formation event has occurred and determining the type of
formation event that has occurred, wherein the step of
determining the type of formation event that has occurred
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comprises the step of making a determination selected from
the group consisting of: determining that the fluid has
reached a boundary within the formation, and determining
that the fluid has departed from the zone of interest within
the formation.

83. The method of claim 81 further comprising the
additional step of performing a remediative step.

84. The method of claim 83 wherein the remediative step
1s selected from the group consisting of discontinuing the
injection of the fluid mto the well bore; 1mnjecting a different
fluid into the well bore; pressure pulsing the injection of the
fluid 1nto the well bore; reducing the 1njection pressure of the
fluid 1injected mto the formation; and altering the viscosity of
the fluid 1njected 1nto the formation.

85. The method of claim 84 wherein all steps are per-
formed 1n real time.

86. A system for monitoring the injection of fluid into a
subterrancan formation, comprising;

means for injecting the fluid into the subterranean forma-

tion;

sensing means for detecting physical property data cre-

ated by the fluid injection;

data analysis means for creating frequency spectrum data

by performing a wavelet transform on at least a portion
of the physical property data; and

transmitting means for transmitting the physical property

data from the sensing means to the data analysis means.
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87. The system of claim 86 wherein the physical property
data 1s selected from the group consisting of temperature and
pressure data.

88. The system of claim 86 wherein the data analysis
means further determines from the frequency spectrum data
at least one parameter relating to the fluid injection.

89. The system of claim 88 wherein the at least one
parameter determined by the data analysis means 1s selected
from the group consisting of: a determination that the fluid
injection 1s proceeding effectively; a determination that a
spurious event has occurred; a determination that a forma-
tion event has occurred; a determination the type of forma-
tion event that has occurred; a determination whether a
remediative step 1S necessary; and a determination whether
a remediative step that has been performed was successtul.

90. A system for monitoring the injection of fluid into a
subterrancan formation, comprising;:

a sensor for detecting physical property data created by
the fluid 1njection;

a data analyzer for creating frequency spectrum data by
performing a wavelet transform on at least a portion of
the physical property data; and

a transmitter for transmitting the physical property data
from the sensor to the data analyzer.
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